Introduction
the use of copper for the fabrication of metal tools dates back to the neolithic period. the inhabitants of cayontitepesi in anatolia produced objects by hammering and annealing native copper at high temperatures reaching nearly its melting point. the actual exploitation of ores, however, began in the 4 th millennium Bc. It appears that in the early stages (de ryck et al. 2005, 261) of exploitation, societies used oxide ore deposits. at a later point in the Bronze age, copper sulphide ores must have become the main sources of copper.
1.1 Sources of copper in south-east Iran copper ores, which are located throughout the highland areas of Iran, are prevalent in Iran. the sources of copper and sn are only observable in dasht-i lut, located near sistan (stocklin et al. 1972) . arsenical copper metallurgy characterizes the assemblage found at shahr-i sokhta. a chemical analysis of the ores and matte reveals that the ores were exploited from the site. hauptman (hauptmann et al. 2003, 197-213) demonstrates that the as and pb in the ores were the same as those of the slag and metal. a number of researchers, gutierrez (gutierrez neira et al. 269, 2011, 3,082-3,086) have worked on hordes of bronze objects and demonstrated that the objects were manufactured within the boundaries of a special geographical area, by using bronzes (copper alloys) with as, sb, ag or pb, in excess of 0.5%, in contrast to other central european and atlantic areas. there has been an application of lead isotope recently in Bronze metallic objects in order to find the sources of bronze objects (cattin 2011, 1,221-1,233) , but apart from the lead isotope, the elemental composition provided an accurate result.
pernicka (2004, presented the category of trace elements and the provenance of metal based on the chemical composition results. he has mentioned that as, si and ag pass to the metal copper without the loss of ores. the ores contain Fe and s as major elements, and tylecote et al. 
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shahr-i sokhta is situated approximately 55 km south-west of Zabol in south-east Iran. It is the most significant Bronze Age site in the eastern part of the Iranian Plateau, with a total area of 151 ha. From a metallurgical point of view, this archaeological site is unique, since in addition to copper ores and slags, finished tools have also been found there. The large number of slags and bronze objects indicate that shahr-i sokhta was a centre for the production of bronze tools and objects. In order to gain a better understanding of the metallurgical activities and the production process, we studied twenty five metallic slags and fourteen artefacts with XRF spectroscopic techniques. The results indicate the presence of several elements, such as arsenic and lead, in the bronze objects, which we can use to identify both the ores as well as the workshop provenances. 1977, determined that in the smelting process, copper produced from oxide ores tends to contain a higher concentration of Fe from sulphide ores. giumlia-Mair (2005, 277) have shown that awls, points and sickles are primarily made of low tin bronze (range 0%-6%), and more than 7% of sn, suggesting that the bronze was already recycled (giumliaMair 2005, 278) .
Two factors naturally influence trace elements and lead to the isotopes result. First, the recycling of bronze objects, and second, the absence of bronze metallic bars, which naturally influenced Shahr-i Sokhta as a centre of import and export and which may also draw attention to its commercial activities. Karageorghis and Kassianidu (1999, 171-188) have discussed who, in the sacred region of the later Bronze age town of Kitton, might have recycled bronze metal during the late Bronze age in the workshop that was discovered there. since hauptmann's work, sources of copper from the south-east border of sistan and six ore samples from shahr-i sokhta (2005, (179) (180) (181) (182) (183) (184) have been mentioned in research studies. In another article which reconsidered metallurgy in shahr-i sokhta, hauptman (hauptmann et al. 2003, 197-213) attempted to show who explored for metals and how they were finally made into bronze objects.
thornton and rehren (2007, ) published a report on the archaeometallurgy of some sites including shahr-i sokhta. georgakopoulou carried out an analysis of 54 slag samples from two different sites belonging to the early Bronze age in the south-central aegean by (p) ed XrF (georgakopoulouet al. 2011) . the results indicate that the final products were copper metal and Fe presented from 0.1-5.5% as a matrix element in the slag with the Fe content around 0.05 indicating that it was produced from the slag less copper smelting of extremely pure copper ores. Metallurgical activities seem to have required a workshop in which several types of metallic objects would have been produced, and from these workshops, they were transferred to the market. naturally, when alloys were produced at these industrial sites, they had to be produced in a ratio for the production of bronze.
the chemical composition of the metallic objects and slag provides information about the sources of metals and the chemical composition of the bronze objects. the chemical composition of the metal in a workshop is varied, of course, because the ores, furnaces, crucibles and variables of temperatures all alter the chemical composition of the metallic items.
The Shahr-i Sokhta archaeological site
the Bronze age in Iran began in 3200 Bc, and lasted up until 1450/1350 Bc, which accounts for the emerging of metallurgy appearing in the Bronze age. the protohistoric site of shahr-i sokhta, with its exceptional extension of c. 151 ha, is situated approximately 55 km south-west of Zabol in the Sistan and Baluchestan province ( Figure 4 ). The site was first discovered and investigated by sir aurel stein, who reported useful information about the site. It was excavated from 1967 to 1979 by an Italian team under the direction of M. tosi (tosi, 1968; 1969; 1983) from IsMeo, and from 1997 to 2009 by Iranian archaeologists under the direction of s. M. s. sajjadi (sajjadi 2004; sajjadi, casanova 2006; sajjadi et al. 2003; 2007; 2009) . From a metallurgical point of view, shahr-i sokhta was studied by hauptmann and artioli hauptmann, Weisgerber 1980; artioli et al.) . this archaeological site is one of the largest sites where, apart from finished artefacts, slag and ingot have also been found on the surface of the site. there are various opinions regarding the emergence and origin of this technology.
Four main periods have been proposed for the site, covering a span of time from 3200 to 1850 Bc. studies show that in the early stage of their settlement, the people of shahr-i sokhta were engaged in interactions with the people of eastern Iran, Baluchestan and central asia. this site seems to have been the centre of the hilmand civilization. shahr-i sokhta, located on the alluvial delta of hilmand, and Mundigak, another important site of the hilmand basin near ghandahar, constitute two points of contact between the Iranian world and the Indus Valley. Several hundred of the Bronze Age sites identified around shahr-i sokhta reveal that in the third millennium Bc, the sistan plain was densely inhabited by farmers, herders and artisans. the site was abandoned by the end of the third millennium and the beginning of the second millennium Bc following a change in the river bed.
the materials found at this site provide information about the emergence of complex societies, the evolution of agriculture, the practice of animal husbandry and the use of technologies, including metallurgy.
an industrial area of the site has been discovered in the north-west part of the settlement, with several workshops engaged in the fabrication of semi-precious stone beads and metal objects. several types of metal objects have been found here, including decorative objects, tools and objects of daily-use. The area has been divided into five regions of settlement. In the south and central zones, industrial workshops were situated, and memorial structures and burial places in the form of small hills can be seen.
The selection of samples
samples such as selected slags and fragments of metal objects were collected randomly from the surface of the site for spectroscopic analysis. the gathering of archaeological information from layers has not been possible since no layers have been found. the samples were washed and cleaned in preparation for spectroscopy. samples were powdered to 200 mesh and placed in capsules for further spectroscopy. a homogeneous powder provided a better result, due to the alloy of the objects.
The employed technique
The X-ray fluorescence method (XRF) is undoubtedly the most common technique used for non-destructive objects. this technique provides a rapid, non-destructive, multi element determination of the composition of an alloy (Janssen 2000, 29, 73-91) . since our method is based on an application of non-destructive techniques, XrF was used for the analysis of the selected samples.
the overall uncertainty for the XrF method was 5% for the major elements; 5-10% for the minor elements and 15% for the trace elements.
the samples which were collected, including slag, were cleaned and powdered to 200 mesh in disc form, and sent for analysis to the XrF laboratory at tarbiatModares university for analysis.
Instrument
a typical WdXrF system consists of an X-ray tube, a specimen support holder, a primary collimator, an analysing crystal and a tandem detector. a single crystal of a known interplanner spacing d is used to disperse the collimated polychromatic beam of a characteristic wavelength which comes from the sample. Each wavelength λ will consequently diffract at a specific angle θ, given by Bragg's law. A goniometer is used to maintain the required θ/2θ relationship between the sample and crystal / detector. the instrument applied for this study was produced by philips company, the model was pW 2404, and the detection limit was ±1 ppm. the philips pW 2404 XrF instrument is designed with an inverted geometry so that the sample is irradiated from below. The loaded quartz filter is placed into a stainless steel sample holder with a 27 mm opening, loaded side down, and secured with an aluminium ring. each filter is subjected to a full scan to identify all the emitted elements. The resulting fluorescence is focused by a 150 µm beam collimator, resolved by a lithium fluoride (LiF) 220 crystal, and detected by a flow counter. The analysis of each filter requires less than 6 minutes. UniQuant ® 4 was set up at the time of installation to calculate the data collected on the philips Instrument. 
Results and Discussion
the spectroscopy of the collected slags had a variation of 645 to 75, and revealed that there was no relationship between these slags (table 1) which were in one or more workshops. the absence of lead and arsenic indicates that these elements were added intentionally to bronze objects (table 2) . the variation of copper in the slag sample reveals that the melting ore does not follow in order, with every layer sample having a different percentage of copper. We cannot conclude, however, that this difference is due to the presence of several different workshops or the improvement of technology in the exploration of the production of metal from ores. the samples which were selected came from surface of the site and a few fragments from an excavation from 2007, emerging from different layers of large buildings in residential and industrial zones (Figure 6 ). they did not reveal any relationship amongst the bronze objects. the chemical composition of the Mesopotamian objects indicates that the tin bronzes were produced in Mesopotamia (de ryck et al. 2005, 261-268) , and possibly in susa. the production of bronze objects made in susa with tin were possibly influenced by Mesopotamia.
In certain ores, the amounts of 1%-5% pb are unusual due to the association of low-grade pb ores (gutiérrez neira et al. 2011, 3084) even present in a bronze object with pb, ni as impurities and as matrix elements. they cannot be referred to as Bronze tin objects.
Based on the selection of broken bronze samples, we cannot determine whether the variation of lead is due to the application of bronze objects or whether there is another reason behind this.
If the ore was roasted, then we would (Tylecote, 329) find a high level of sb in the copper. If the ore was smelted, then we would find a high level of arsenic. Due to the forging traditions which were common in the chalcolithic period, we have great variations in composition. all of the cao, na2o and K2o in the slag can be derived from the charcoal ash. the variation in the percentage of the mentioned oxide in the slags and bronze objects reveals the amount of charcoal which was used for the extracting of copper from ores in a different fire.
A flux is capable of introducing Mn into the metal. The later Bronze age traditions were primarily casting, and there is no expectation of further losses of as and sb.
the large contribution of copper from oxidized ores possibly indicates that the enrichment in ni and ag at a high temperature causes a reduction in the level of Zn, sb, pb and Bi in copper, which is observable in the high amounts of ag in samples 38 and 39 of the bronze objects and ni in sample 27 (table 2) .
smelting sulphide ore to matte causes a great loss of elements, and also causes all of the Bi, as, sb and pb and part of Zn to be eliminated.
as slag can be used as an indicator of the type of ore smelted, it is important to remember that certain elements such as sb are not at detectable levels in the slag, although they may be present in the copper.
Conclusion
an important aspect of this research is that all the samples for spectroscopy were collected from one site.
the imported technology used for the bronze objects in shahr-i sokhta was possibly different from that in the western part. the technology of producing bronze objects originated from other places and was not rooted in western Iran.
several ores were used in shahr-i sokhta to extract copper. several different mines were used to extract copper in shahr-i sokhta. the presence of sulphur in certain objects has been confirmed by Hauptmann, who stated that several sources of ore were used for the extraction of copper. the sources of the ores could not have been far away, and therefore nearby ores would have been used.
